The aim of this study was to demonstrate the complementarity of combining membrane bioreactor (MBR) treatment with UV oxidation or high pressure membrane filtration processes such as nanofiltration (NF) or reverse osmosis (RO) for the removal of trace organic contaminants (TrOC). The results suggest that the removal mechanisms of TrOC by either UV oxidation or NF/RO membrane filtration differ significantly from those of an MBR system. Thus, they can complement MBR treatment very well to significantly improve the removal of TrOC. MBR treatment can effectively remove hydrophobic and readily biodegradable hydrophilic TrOC. The remaining hydrophilic and biologically persistent TrOC were shown to be effectively removed by either UV oxidation or NF/RO membrane filtration. The combination of MBR with UV oxidation or NF/RO membrane filtration resulted in a removal ranging from 85% to complete removal (or removal to below the analytical detection limit) of all 22 TrOC selected in this study. In particular, it is noteworthy that although MBR treatment and direct UV oxidation separately achieved low removal of carbamazepine (a widely reported problematic compound), the combination of these two processes resulted in more than 96% removal. 
Introduction
The occurrence of a significant number of trace organic contaminants (TrOC) in municipal wastewater and sewage-impacted water bodies has been identified as an emerging issue of environmental and health concern. Many TrOC have been ubiquitously detected in effluent from conventional sewage treatment plants at concentrations from a few nanograms per litre (ng/L) to several micrograms per litre (µg/L). Recent evidence points to adverse impacts of TrOC even at such low concentrations on aquatic organisms and potentially on human health (Schwarzenbach et al., 2010) . The conventional activated sludge (CAS) wastewater treatment process may not be adequate for the effective removal of many TrOC (Paxéus, 2004 , Sahar et al., 2011 . Thus, in recent years, there have been a number of dedicated investigations on advanced treatment processes or their combinations to prevent the release of TrOC into the aquatic environment via effluent discharge. Examples of these advanced treatment processes include membrane bioreactor (MBR) (Tadkaew et al., 2011) , UV oxidation (Lekkerkerker-Teunissen et al., 2012) , high pressure membrane filtration processes such as nanofiltration (NF) and reverse osmosis (RO) (Nghiem et al., 2004) , and activated carbon adsorption (Ternes et al., 2002) .
MBR has been established as an alternative option to the CAS process (Visvanathan et al., 2000) .
In comparison to CAS, MBR offers several advantages such as smaller physical footprint and improved effluent quality. In terms of TrOC removal, MBR is effective for the removal of hydrophobic and readily biodegradable TrOC and less effective in removal of hydrophilic and biologically persistent TrOC (Tadkaew et al., 2011) .
UV oxidation is another advanced treatment process that can be very effective for the removal of TrOC. However, influent with a high bulk organic content and/or high turbidity would require a very high UV dosage, rendering the process economically unattractive (Wu and Linden, 2008, Basile et al., 2011) . Thus, this process is mostly used as a polishing step. Previous studies have shown that UV oxidation is capable of oxidizing taste and odour causing pollutants such as geosmin and methyl tert-butyl ether (Cater et al., 2000) and pesticides such as atrazine (Beltrain et al., 1994) . More recently, the application of UV oxidation for the treatment of TrOC has also been investigated. Packer et al. (2003) reported that diclofenac is subject to rapid photodegradation, while ketoprofen and naproxen are mildly photodegraded. On the other hand, they found also that ibuprofen is not degradable by direct photolysis using natural sun light (Packer et al., 2003) . Other compounds such as the topical antimycotic drugs naftifine, sulbentine, cloxiquin, tolnaftate, and chlophenesin have also been shown to be light sensitive (Thoma and Kübler, 1997) . As noted above, the effectiveness of UV oxidation may be reduced by the presence of bulk organic matter in wastewater (Chong et al., 2010) . This study noted that to ensure rapid photocatalytic reaction rate, the turbidity of the target wastewater should be kept below 5 NTU for optimal UV light utilization and photocatalytic reaction.
NF/RO membrane filtration processes have also been used to produce high quality water from non-traditional sources such as brackish, seawater or secondary treated wastewater (Shannon et al., 2008) . Recent studies have demonstrated the excellent capacity of NF/RO to remove a large range of TrOC in pilot and full scale applications (Bellona et al., 2008 , Al-Rifai et al., 2011 .
Physicochemical parameters such as molecular size, hydrophobicity and polarity as well as feed solution composition are considered important factors which govern NF/RO efficiency (Bellona et al., 2004) . According to Nghiem et al. (2004) , the removal of some hydrophobic compounds can be lower than that predicted based solely on a size exclusion mechanism. This is because hydrophobic compounds can also adsorb to NF/RO membranes and then diffuse through the dense polymeric matrix, resulting in considerable transport of these compounds across the ultrathin active skin layer. Another potential drawback of the NF/RO processes is membrane fouling which can be caused by the deposition of bulk organic or colloidal matter on the membrane surface if the feed solution is not adequately pre-treated.
When deployed on an individual basis, even the above mentioned advanced processes exhibit some inherent potential drawbacks and do not offer a complete barrier to a large range of TrOC that may occur in municipal wastewater. However, it appears that a hybrid system consisting of complementary advanced treatment processes can be very effective for the removal of these TrOC. Indeed, we have recently demonstrated the complementarity between MBR treatment and activated carbon adsorption for the removal of 22 TrOC (Nguyen et al., 2012) . On the other hand, little is known about the complementarity between MBR treatment and other advanced treatment processes including UV oxidation or NF/RO membrane filtrations with respect to the removal of TrOC. To date, there have been only a very few studies on the application of integrated MBR-UV oxidation treatment process for the removal of TrOC (Laera et al., 2011 , Köhler et al., 2012 and MBR-NF/RO membrane filtration (Alturki et al., 2010) .
The aim of this study is to examine the removal of TrOC by an MBR-based hybrid treatment process consisting of MBR treatment with UV oxidation or with NF/RO membrane filtration.
Removal mechanisms of the selected TrOC by each treatment process are considered based on their physicochemical properties to highlight the complementarity of the treatment processes. (Johir et al., 2012 , Navaratna et al., 2012 .
Materials and Methods

Synthetic wastewater and model TrOC
A set of 22 TrOC was selected for investigation based on their widespread occurrence in raw sewage and sewage-impacted water bodies (Ying et al., 2009 , Stamatis et al., 2010 and their diverse physicochemical properties (e.g. hydrophobicity and molecular weight) as presented in 
MBR system and experimental protocol
The laboratory scale MBR system used in this study consisted of a glass reactor with an active volume of 4.5 L and a submerged PVDF hollow fiber membrane module (Mitsubishi Rayon Engineering, Japan). The nominal pore size and total surface area of the membrane module were 0.4 µm and 0.074 m 2 , respectively. The membrane was operated on a 14 min "suction" and 1 min 
UV oxidation set up and operation protocol
A laboratory-scale UV oxidation system ( Figure 1 ) supplied by Ace Glass (Vineland, NJ, USA)
was coupled in series with the MBR system described above. The system consisted of a reactor and a low-pressure mercury lamp. The reactor had an effective volume of 0.4 L. The lowpressure mercury lamp had a length, total UV energy output and UV intensity of 27 cm, 83 W, and 1.04 W cm -2 , respectively. It emitted UV light in a narrow band at 254 nm. The lamp was placed inside the inner borosilicate glass chamber and was effectively cooled by a water stream circulating through a double-walled compartment surrounding it, acting as a cooling water jacket and keeping the test solution at 20±0.1 ºC.
MBR permeate was continuously pumped into the external cylindrical reaction vessel. The flow rate was set at 7 mL min -1 resulting in a contact time of 7.5 min and 500 mL of sample was collected for analysis after at least 2 hr of continuous operation. In addition to the experiment with MBR permeate, the raw synthetic wastewater (MBR influent) was run through the UV unit directly using a contact time of 7.5 min.
[FIGURE 1]
NF/RO set up and operation protocol
A laboratory-scale crossflow membrane filtration system with a rectangular stainless steel crossflow cell was used in this study. Flat sheet samples of NF270 and BW30 were obtained from Dow Filmtec (Minnesota, USA). NF270 is a loose NF membrane while BW30 is a brackish water RO membrane. The detailed characteristics of these two membranes and further information about the crossflow membrane filtration system are available elsewhere (Tu et al., 2011 was kept constant at 20 ± 0.1 ºC throughout the experiment. Permeate and feed samples of 500 mL were collected after 1 and 25 h of filtration and were extracted into SPE cartridges for further analysis.
Analytical methods
Basic parameters including total organic carbon (TOC), total nitrogen (TN), mixed liquor suspended solids (MLSS), and mixed liquor volatile suspended solids (MLVSS) were measured according to standard methods (Andrew and Mary, 2005) .
The concentrations of the TrOC in MBR, UV, MBR-UV and MBR-NF/RO influent and permeate samples were measured by a previously reported analytical technique involving solid phase extraction, derivatisation and quantitative determination by a Shimadzu GC/MS (QP5000) system . The GC/MS system was equipped with a Shimadzu AOC 20i
autosampler and a Phenomenex Zebron ZB-5 (5% diphenyl-95% dimethylpolysiloxane)
capillary column (30 m × 0.25 mm ID, d f = 0.25 µm) was used. The quantitative detection limits of this analytical method were compound specific and in the range 1 to 20 ng L -1 . Removal efficiency was calculated as
, where C Inf and C Eff are influent and effluent (permeate) concentrations of the trace organics, respectively.
Results and discussion
TrOC removal by MBR treatment
The MBR showed good and stable performance with respect to a range of basic water quality parameters and operating parameters over the entire experiment (Table 2 ). The TOC removal efficiency was 98±2%. The effluent turbidity was consistently below 0.2 NTU while the MLVSS/MLSS ratio was also stable at 0.89±0.03. The removal efficiencies of the 22 TrOC selected in this study by MBR treatment were also stable as evidenced by the small variation throughout over six months of continuous operation (Figure 2 ). In good agreement with a previous study by Tadkaew et al. (2011) , all nine hydrophobic (Log D > 3.2) TrOC were well removed by MBR treatment, while the removal efficiencies of the remaining 13 TrOC (Log D < 3.2) varied widely from almost complete removal (e.g. salicylic acid and gemifibrozil) to less than 20% (e.g. fenoprop and diclofenac). These results are consistent with the literature (Clara et al., 2005 , Reif et al., 2008 , Tadkaew et al., 2011 and clearly highlight the need for a post-treatment step to complement MBR treatment for enhanced removal of biologically persistent and hydrophilic TrOC.
[ 
Removal of TrOC by MBR-UV oxidation system
Degradation of the 22 TrOC selected in this study by direct UV oxidation is shown in Figure 3 .
Their removal efficiencies achieved with direct UV oxidation varied significantly from as low as only 30% (carbamazepine) to almost 100% (e.g. pentachlorophenol and triclosan). In good agreement with a previous study by Lekkerkerker-Teunissen et al. (2012) the results in Figure 3 demonstrate that UV oxidation can be effective for many but not all TrOC. Variation in the removal efficiency of the 22 TrOC investigated here can be attributed to their physicochemical properties and molecular structures. However, in contrast to the removal of TrOC by MBR treatment, the hydrophobicity of the TrOC does not seem to play any significant role in governing their removal by UV oxidation (Figure 3 ). Photodegradation efficiencies of compounds which have similar molecular features can be very similar because of cleavage of the same covalent bond or molecular moiety (Kim and Tanaka, 2009) . In fact, all 11 TrOC that contain a phenolic moiety (i.e. a hydroxyl functional group attached to a benzene ring) were well removed (i.e. 78% to almost complete removal) by direct UV oxidation. These include the four industrial chemicals and their metabolites, all five steroid hormones, pentachlorophenol and salicylic acid. The UV lamp used in this study emitted UV light in a narrow band at 254 nm which is significantly adsorbed by the aromatic benzene ring. The presence of the hydroxyl functional group in the benzene ring of these 11 TrOC make them more amenable to photodegradation by hydrogen abstraction. It is noteworthy that although chlorinated TrOC were resistant to MBR treatment, they were well removed by UV oxidation. Indeed, the removal efficiencies of all four chlorinated TrOC (i.e. diclofenac, triclosan, fenoprop and pentachlorophenol) by UV oxidation were above 85%. This is consistent with the pathway previously suggested for the UV oxidation of these halogenated compounds which involves substitution of halogens and subsequent dealkylation mechanisms (Vogna et al., 2004b , Lekkerkerker-Teunissen et al., 2012 . Vogna et al. (2004b) investigated the degradation of diclofenac under UV oxidation (with and without H 2 O 2 addition) and provided direct evidence of this mechanism. They observed an increase in the concentration of free chloride following UV oxidation of a diclofenac solution indicating cleavage of Cl from the benzene ring (Vogna et al., 2004b) .
It is noteworthy that the UV oxidation efficiency of carbamazepine was only 30±7%. Similar to our study, Vogna et al. (2004a) observed that UV oxidation was not effective in reducing the carbamazepine concentration. The photodegradation efficiency of carbamazepine was 8% and 36% using two UV lights at wavelengths of 254 nm and 185 nm, respectively. The resistance of carbamazepine may be attributed to the amide groups in its structure. Kim et al. (2009) 
reported that two PPCPs with amide bonds (cyclophosphamide and N,N-Diethyl-meta-toluamide (DEET))
were highly resistant to UV oxidation. Amide functional groups are the most stable of the carbonyl containing groups due to the high resonance stabilization between N-C and C-O bonds, indicating that it would be difficult to degrade TrOC with amide bonds using UV oxidation.
[FIGURE 3]
Because MBR treatment and UV oxidation are capable of removing TrOC by different degradation mechanisms, a hybrid system involving both these technologies can take advantage of their complementary nature. In fact, as demonstrated in Figure 4 , UV oxidation can complement MBR treatment very well, resulting in over 85% removal efficiency of all 22 TrOC selected in this study, including those that are poorly removed by either MBR treatment or UV oxidation when they are deployed separately. All chlorinated TrOC (i.e. fenoprop, diclofenac, pentachlorophenol and triclosan) were very effectively removed by combined MBR -UV treatment. Therefore, the application of UV oxidation for post-treatment of MBR permeate may be promising for achieving high removal of chlorinated TrOC.
The benefit of combining MBR with UV oxidation can also be showed by examining the removal of carbamazepine (which is a well-known biologically persistent compound). Carbamazepine was poorly removed by either MBR treatment or UV oxidation when they were deployed separately.
The removal efficiency of carbamazepine by MBR and UV only was 32±17% (Figure 2 ) and 30±7% (Figure 3 ), respectively. By contrast, treatment by the UV system at a contacting time of 7.5 min following MBR attained exceptionally high removal efficiency and resulted in an overall removal of carbamazepine of 96%, which is significantly higher than that achieved by either treatment process separately.
It is noteworthy that MBR treatment can provide a low background organic matter content and suspended solids free influent (Melin et al., 2006) which is highly suitable as an influent for the UV oxidation process. The presence of suspended solids in the influent can absorb and scatter UV radiation thus reducing the overall process efficiency (Ling et al., 2004) . Chowdhury et al. (2011) observed that the degradation of 17-β-estradiol decreased with increasing turbidity in the test solution. Rincon et al. (2003) also reported that water turbidity higher than 30 NTU will severely affect the efficiency of photocatalytic disinfection. The turbidity of the synthetic wastewater and MBR permeate in this study were 1 and less than 0.2 NTU, respectively.
Therefore, the effect of turbidity is considered to be insignificant in this experiment. The enhanced removal of carbamazepine from MBR permeate by UV oxidation can be attributed to the fact that there is less bulk organic compounds/content in MBR permeate compared to MBR feed. The bulk organic matter in the MBR feed may compete for UV light adsorption. Yuan et al. (2009) reported that the presence of humic acid reduced the UV oxidation efficiency of ibuprofen due to the competition of humic acid for the UV light.
[FIGURE 4]
Removal of TrOC by MBR -NF/RO treatment
Several previous studies have demonstrated that MBRs can effectively remove hydrophobic and readily biodegradable TrOC, while significant variation in removal of hydrophilic and biologically persistent TrOC have been observed (Clara et al., 2005 , Alturki et al., 2010 , Tadkaew et al., 2011 , Nguyen et al., 2012 . Our results confirm the high removal efficiency of all the steroid hormones, alkyl phenolic surfactants and industrial chemicals (Log D > 3.2) and readily biodegradable hydrophilic TrOC after a long term operation of MBR (196 days). Figure 2 also highlights the low and/or variable removal of biologically persistent TrOC (i.e.
metronidazole, fenoprop, ketoprofen, naproxen, diclofenac and carbamazepine).
High removal of hydrophobic TrOC at the initial stage of direct filtration by NF/RO membrane can be observed due to steric hindrance and their adsorption onto the membrane polymeric matrix (Nghiem et al., 2004 . However, the adsorption effect can only contribute to the short term removal; as the feed is continuously filtered through the membrane, membrane sites will be saturated with hydrophobic TrOC (Nghiem et al., 2004 . On the other hand, the hydrophilic TrOC do not adsorb to the membrane polymeric matrix and can be effectively removed by NF/RO membranes via steric hindrance or size exclusion mechanisms.
Because MBR permeate is free from hydrophobic TrOC, and the hydrophilic TrOC which are resistant to MBR treatment can be effectively removed by the NF/RO membranes, there is a potential for coupling MBR with NF/RO to achieve an enhanced removal of TrOC. As can be observed in Figure 5 the NF/RO membrane treatment complements MBR treatment very well, with the majority of the 22 TrOC selected in this study being removed to below the detection limits (of below 20 ng/L). Notably, insignificant differences in the removal efficiencies after 1 and 25 h of NF/RO filtration were observed (data not shown). In other words, steady state removal efficiency had been obtained.
The MBR-BW30 achieved higher removal efficiencies of TrOC such as some hydrophilic compounds (e., metronidazole, acetaminophen and carbamazepine) than the MBR-NF270. Our observation is in good agreement with previous reports (Alturki et al., 2010) and can be explained by the fact that NF270 is a loose membrane with a larger pore size and a higher permeability. This is also supported by the low conductivity rejection by the NF270 membrane (41-49%) compared to the BW30 membrane (93-94%).
[FIGURE 5]
Conclusions
This study confirms effective removal of the hydrophobic and readily biodegradable TrOC and the unstable removal of the biologically persistent and hydrophilic TrOC by MBR treatment.
Results reported here also indicate that UV oxidation is effective for the oxidation of a range of TrOC; however, the removal efficiency may vary depending on the compound physicochemical properties and molecular structures. UV oxidation was effective for the degradation of chlorinated TrOC and TrOC with a phenolic group in their molecular structure but less effective for the removal of amide-containing TrOC (e.g. carbamazepine). UV oxidation and NF/RO membrane filtration was observed to significantly complement MBR treatment to obtain high overall removal of hydrophilic and biologically persistent TrOC. MBR treatment and direct UV oxidation, by themselves achieved a low removal of carbamazepine, whilst their combination resulted in more than 96% removal.
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